Duplex Stainless Steels (DSS) and Super Duplex Stainless Steel (SDSS) have excellent integration of mechanical and corrosion properties. However, the formation of intermetallic phases is a major problem in their usage. The mechanical and corrosion properties are deteriorated due to the presence of intermetallic phases. These phases are induced during welding, prolonged exposure to high temperatures, and improper heat treatments. The main emphasis of this review article is on intermetallic phases and their effects on corrosion and mechanical properties. First the effect of various alloying elements on DSS and SDSS has been discussed followed by formation of various intermetallic phases. The intermetallic phases affect impact toughness and corrosion resistance significantly. Their deleterious effect on weldments has also been reviewed.
INTRODUCTION
Duplex stainless steels (22% Cr) and Super Duplex Stainless Steels (25% Cr) are a family of steels having a combination of excellent corrosion resistance and mechanical properties. They are defined by their balanced ferritic-austenitic microstructure, often referred as micro-duplex structure. They offer higher toughness and better weldability than pure ferritic stainless steels and higher strength, better corrosion resistance than pure austenitic stainless steels [1] [2] [3] [4] . Hence they are attractive material for applications where these properties are desired like in off-shore industries, food industries, chemical industries, paper industries [5, 6] , nuclear industries [7, 8] and in structural applications as well [9, 10] . DSS can be also used as a material for water tankers to supply fresh drinking water in military areas where fresh water is scarce [11] . DSS and SDSS can replace high strength steels and austenitic steels in various applications such as construction of military vehicles, transportation in critical military areas, fabrication of armour steels [12, 13] , marine, oil & Gas and offshore industries.
Chemical composition of DSS and SDSS materials are given in Table 1 .
The section at 70% iron, ternary phase diagram representing duplex stainless steels is shown in Figure 1 [14] . They are solidified to ferrite at high temperatures. At low temperatures they are converted to duplex structures.
Despite of their attractive properties, some solid-state transformations occur at high tem- Fig. 1 . Fe-Cr -Ni system at 70 % Fe [14] peratures which cause changes in mechanical and corrosion properties [15] . Formation of Sigma (σ) phase, Chi (χ) phase, Chromium nitrides and carbides occurs between temperatures 500 to 1000 o C as shown in Figure 2 [16] . 
Effect of alloying elements on properties of DSS and SDSS
The major alloying elements in DSS and SDSS are chromium, molybdenum, nickel, nitrogen, copper, manganese etc.
Chromium
Chromium acts as a ferrite stabilizer [17] . The major function of Cr is to form a protective oxyhydroxide film which improves localized corrosion resistance. But there is a limit on addition of Cr to steels because higher Cr contents facilitates formation of detrimental intermetallic phases in duplex stainless steels [18] . The Cr equivalent in DSS and SDSS is given by [19] :
Cr eq = %Cr + %Mo + 0.7 · %Nb
Molybdenum
Molybdenum is also a ferrite stabilizer [17] . It protects DSS and SDSS from pitting and crevice corrosion attack by forming immune oxy-hydroxide layer or molybdate ion. From Pitting Resistance Equivalent Number (PREN) equation, it is clear that Mo is 3.3 times effective than Cr when pitting is considered [20] . But high Mo contents might lead to formation of detrimental chi and sigma phase at high working temperatures [21] .
Nickel
Nickel is an austenite stabilizer. The main function of Ni is to control phase balance and element partitioning. In order to maintain balance between ferrite and austenite, the ferrite stabilizers and austenite stabilizers need to be added in appropriate amount. The Ni equivalent is given by [19] :
Ni eq = %Ni + 35·%C + 20·%N + 0.25·%Cu
Nickel reduces current density values and push Electrode potential in noble direction [E6].
The high Ni content is desired for corrosion resistance in reducing atmospheres however, the high Ni content accelerates formation of prime-α phase in ferrite which leads to embrittlement of the material [18] .
Nitrogen
Nitrogen is also an austenite stabilizer element. It increases pitting resistance, austenite content and strength of an alloy [23] . It has been also found that N increases crevice corrosion resistance. Nitrogen increases corrosion resistance in acid solutions but it does not have much effect in basic or neutral solutions [24] . It has favourable effects on corrosion resistance of DSS and SDSS as it delays the precipitation of intermetallic phases [25] . At the same time, the high N content causes nitrides precipitation.
Manganese
Addition of Mn to stainless steels increase the wear and abrasion resistance [18] as well as tensile strength without loss of ductility [26] . The high Mn content increases the temperature range and rate of formation of intermetallic phases. It also causes formation of MnS, which acts as an initiation site for formation of pits [27] thereby leading to a decrease in the pitting resistance [26] .
Copper
Additions of copper to stainless steels is known to improve corrosion resistance in nonoxidizing environments like sulphuric acid. It is limited up to 2 Wt. % otherwise it will reduce hot ductility of steels. Also, high Cu content causes reduction in pitting resistance due to formation of epsilon phase [28] .
Overview of various phases
The various intermetallic phases that can occur in DSS and SDSS are tabulated in Table 2 .
In DSS and SDSS, it is recommended to maintain ferrite to austenite balance. During welding this balance is disturbed due to ferritization at high temperatures associated with welding process. The high ferrite contents are not desirable as it makes the material prone to pitting attack. Hence, filler materials are generally manufactured with higher Ni contents (2-4%) than the base material [30] . Sometimes post weld heat treatments (Solution annealing) are also preferred to retain the phase balance after welding [31] . The heat input and cooling rate in welding are important as they control ferrite to austenite transformation [30, 32] . The high heat input promotes precipitation of sigma phase, nitrides and carbides in heat affected zones [33] . The welding of high thickness parts with low heat input is avoided as it may form chromium nitrides [34] . The slow cooling forms more austenite but at the same time, it may cause precipitation of intermetallic phases. Hence, cooling rate is kept low enough to retain phase balance but high enough to avoid intermetallic phase formation [30] . Similar observations were also made by other researchers as they concluded that filler material with 4.7% Ni is the best choice on the basis of economy and life of the weldments subjected to corrosive environments [35] .
Laser welding of UNS S32205 followed by low heat input surface treatment was reported. A numerical model on the possibility of intermetallic phase precipitation was proposed. The calculated cooling time for whole welding cycle was 30 to 40 s which is much lower than the precipitation time required for the formation of intermetallic phases determined from TTT diagram of UNS S32205 [36] .
Some authors concluded that the intermetallic phases formed in welding are much more hazardous than the one which form in aging heat treatments. This could be attributed to complex grain structure and failure-prone heat affected zone in welding [37] .
Sigma phase
Sigma phase is a Cr-Mo rich hard precipitate which occurs at temperatures between 600-1000 O C [38, 39] . The elements like Cr, Mo, Ni, Si and Mn enhance the formation of Sigma phase. The diffusion of chromium in ferrite is a most significant thermodynamic process in formation of σ phase [40] . Sigma (σ) is non-magnetic, tetragonal crystalline structure with 30 atoms per cell [41] . This phase occurs due to Eutectoid reaction where ferrite is converted to Sigma (σ) and secondary austenitic phase (γ 2 ) [42] . α → γ 2 + σ At temperature between 850-900 O C, sigma phase has fastest precipitation rate. Sigma phase precipitation starts at α/α boundaries, α/γ boundaries as they are found to be high energy nucleation sites [43] . Later, Sigma phase grows into ferrite phase as the diffusion rate in ferrite phase is 100 times faster than that of austenite, which also makes it a favourable site for precipitation of all intermetallic phases [38] .
The precipitation rate of Sigma phase differ with tempering [Heating from room temperature] and quenching [cooling from higher temperature] process as shown in Figure 3 . Few authors concluded that tendency of formation of sigma phase in tempering is very high as compared to quenching process. This can be attributed to the cooling rate required in quenching to form sigma phase is below 1 K/s [44] . The cooling rates in air for fabricated or welded parts of nominal thickness are much higher than 1 K/s. Hence sigma phase formation is not promoted.
The precipitation of sigma phase is inevitable in parts with large thickness [45] . The volume [44] .
Chi phase (χ)
Chi phase formation takes place prior to sigma phase formation between temperatures 750-850 O C. This phase is thermodynamically unstable. Chi phase (χ) forms on the ferrite/ferrite interface and grows into the ferrite [46] . The sigma phase formation takes place at the expense of Chi phase as shown in Figure 4 [46] . As Chiphase is richer in Mo than sigma phase and Mo being a heavy element, it is easy to contrast between sigma and chi phase using Back-Scattered Electron Microscope (BSE) [46, 47] .
Secondary austenite (γ 2 )
Secondary austenite forms with different mechanisms at different temperatures. Below 650 O C it shows a diffusion-less transformation similar to martensitic formation. Between 650-800 O C, it is in the form of Widmanstatten austenite. Here the γ 2 formation follows Kurdjumov-Sachs orientation relationship and it takes place with diffusion phenomenon because of its Ni enrichment as compared to ferrite. This austenite is depleted in Cr and N as compared to primary austenite. In between 800-900 O C, with eutectoid reaction γ 2 formation takes place [42] . In this reaction, γ 2 absorbs Ni, which is austenite stabilizer and rejects Cr and Mo. This causes formation of Cr, Mo rich precipitates like Sigma phase. As γ 2 is depleted in Cr and Mo, they are the favourable sites for pitting corrosion [48] .
Chromium nitrides (CrN/Cr 2 N)
Chromium nitrides precipitation is commonly found between temperatures 700-900 O C, during fast cooling from high annealing temperatures. It is because of saturation of ferrite with nitrogen. At higher temperatures nitrogen partitioning increases in ferrite. But on cooling, solubility starts decreasing thus making ferrite saturated with nitrogen. This forms Cr 2 N at intra-granular sites [49] . Another nitride, CrN forms during welding operations in the Heat affected zone.
R-phase R-phase precipitates between temperatures 550-650
O C in an initial stage of aging and later, disappears with aging time by transformation to Sigma phase [50] . They form at intra and inter granular sites. R-phase is Mo rich compound and their stability increases with increase in Mo content [50, 51] .
Π-phase
Π-phase formation takes place after isothermal heat treatment at 600 O C for long aging time. This phase is often confused with Sigma phase as it is also rich in Cr and Mo [18] .
τ-phase
τ-phase is a needle like structure which forms at ferrite/ferrite boundaries after heat treatment between 550-650 O C [52] .
Alpha Prime (α') phase
A binary Fe-Cr alloy embrittles in temperature range of 280-500 O C. This embrittlement is Chi phase precipitation in DSS [46] caused by decomposition of ferrite phase into α phase (rich in iron) and α' phase (rich in chromium). The presence of miscibility gap in Fe-Cr phase diagram causes this embrittlement [53] . At 475 O C, the rate of embrittlement is highest, hence this occurrence is known as 475 O C embrittlement.
EFFECT ON CORROSION PROPERTIES Pitting corrosion
Pitting is a localized phenomenon which leads to formation of small pits or holes on metal surface. Pitting is an autocatalytic process. It is initiated at surface defect which leads to formation of deep cavities in the metal. At the same time other surface remains defect free. Pit morphology is shown in Figure 5 .
DSS are prone to pitting corrosion which largely depends on chemical composition of material, chloride concentrations, pH value and temperature of the corrosion media.
Pitting corrosion resistance is measured in terms of Pitting Resistance Equivalent Number (PREN) value which is given by: PREN 16 The PREN 16 is used to correlate between pitting resistance and chemical composition. The PREN 20 and PREN 30 are used to emphasize the importance of nitrogen in resistance against pitting.
In a duplex microstructure, Cr and Mo partition to ferrite and N and Ni partition to austenite, results in different PREN values for two phases. Hence, the alloying elements should be in appropriate content to get similar PREN values. Hanninen et al. [23] observed the effect of nitrogen on pitting resistance. Generally austenite is more prone to pitting than ferrite, as the weight. % of N is not enough to get as high PREN value as ferrite. Therefore N content can be increased up to 0.4% to get higher PREN value. Beyond this limit, PREN for austenite increases but PREN for ferrite decreases. This is due to the fact that, N reduces partitioning ratio for Cr, Mo in ferrite, leading to reduction in PREN value. Hence, adjustment of alloying elements is important to get equal PREN values for both phases.
Sigma (σ) phase is rich in Cr and Mo content, which are ferrite stabilizers in DSS. The precipitation of σ phase causes consumption of Cr and Mo from surrounding ferrite and austenite, which leads to reduction in corrosion resistance of DSS [58] .
The Critical Pitting Temperature (CPT) is the lowest temperature at which stable pit formation is initiated. Park et al. [58] carried out a study on effect of sigma phase precipitation on DSS in 10% Fe 3 Cl·6H 2 O solution. They allowed sigma phase precipitation by different aging treatments and found that CPT value decreases with increase in σ-phase precipitation. After sufficient aging time, σ-phase grew with depletion of Cr and Mo around it and corrosion resistant alloy became susceptible to metastable pitting. The effect of aging time on CPT is shown in Figure 6 .
Pohl et al. [41] reported that with Eutectoid reaction α-ferrite converts to sigma (σ) and secondary austenitic phase (γ 2 ). This γ 2 phase is depleted in Cr and Mo content which decreases the corrosion resistance. Luo, H. et al. [60] studied the effect of solution heat treatment at 1100
O C for 1 hour on the corrosion behaviour of DSS. The specimen were immersed in test solutions before any measurement. The authors concluded that alloying elements content in both phases changed with solution heat treatment. Also, the pitting sites were decreased in number after solution heat treatment. At the open circuit potential, more pitting sites are observed in original sample than solution treated sample as shown in Figure 8 . In solution treated sample the pits are found to be of larger size than [59] the pits in original sample. This indicates pitting in solution treated sample will occur only at already available pits from original samples rather than forming new pits. The pitting potential (Ep) is defined as the potential at which the anodic current density increased sharply with respect to the background passive current density. Ezuber et al. [61] analysed seawater pitting caused due to sigma precipitation. They made an interesting conclusion that at room temperature, DSS is immune to pitting corrosion even in the presence of sigma phase but at 50
O C seawater temperature, it is susceptible to pitting. This is because at high temperatures, cathodic reaction takes place on passive film which causes reduction in oxygen. This leads to formation of large number of corrosion cells.
Wilms et al. [62] studied the consequences of sigma phase precipitation on seawater corrosion of SDSS. They found that localized corrosion starts after 7 min of aging at 800
O C due to formation of Sigma and secondary austenite. The sensitivity comparison of pitting corrosion and toughness to sigma phase content is shown in Figure 9 . This clearly indicates toughness is more sensitive to Sigma phase than corrosion as toughness is affected just after 2 min of aging, much before it affects the crevice corrosion resistance.
Martins et al. [45] studied corrosion behaviour of super duplex stainless steel castings. They concluded that pitting potential decreases with increase in work temperature. Hence in offshore industries where temperatures may go up to 60 O C, material becomes prone to pitting. They also pointed that stress relief treatment does not have any effect on pitting potential as shown in Figure 10 .
For DSS, the breakdown / pitting potential is the potential at which anodic current density reaches a value of 100 µA/cm 2 [63] . Ebrahimi et al. [64] evaluated CPT of DSS 2205 in 0.1 M NaCl solution by various techniques. Through potentio-dynamic measurements, the authors found out that the transition from trans-passivity to pitting corrosion occurs in between 45 to 55 O C. The breakdown potential for DSS was found to be 970 mV at 55 O C. Hence the passivity domain decreased from 1200 mV at 45 O C to 700 mV at 65
O C. Figure 11 shows variation of breakdown potential with work temperature for 20Cr-28Ni and DSS 2205 in 0.1 M NaCl solution.
Palmer [65] found the precipitation of chromium nitrides during spot welding of 2205 DSS. The precipitates were dark in appearance and formed due to saturation of N in ferrite grains during rapid cooling. These chromium nitrides cause depletion of Cr in ferrite grains making it prone to corrosion attack. Ogawa and Koseki [66] performed GTAW on various grades of 22Cr3Mo DSSs by varying the amounts of nitrogen and nickel. They found that the nitrogen bearing specimen had inferior pitting resistance of ferrite phase than other samples due to precipitation of nitrides. They also concluded that decrease in grain size and cooling rate would decrease nitrides precipitation within ferrite.
Barnhouse and Lippold [67] studied dissimilar GTAW welding joints of carbon steels and DSS with both DSS and 625 Ni alloy filler materials. In both welds, a significant amount of secondary austenite was found due to reheating of weld in subsequent passes of multi-pass welding. They reported a slight increase in hardness. There was evidence of increase in pitting corrosion resistance with high heat input because of slow cooling rates and formation of austenite instead of nitrides.
Yousefieh et al. [68] carried out GTAW of UNS S32760 which was followed by step annealing heat treatments at various temperatures ranging from 550 to 1000 O C for 15 min. It was found that CPT for welded sample was 55 O C. After step annealing, the CPT values for all the specimen were increased. In between 550-750 O C, CPT value decreased from 70 O C to 65 O C due to precipitation of chromium nitrides. At high temperatures up to 900 O C it further decreased due to precipitation of sigma and secondary austenite phases. Again at the annealing temperatures above 900 O C, the CPT values increased due to replenishment of ferrite phase. The variation of CPT with annealing temperatures is shown in Figure 12 .
Shin et al. [69] investigated the pitting behavior of GTAW SDSS weldments with respect to heat input. The results showed the pitting resistance was significantly reduced by the secondary austenite formation. The morphology of secondary austenite played an important role. The secondary austenite of acicular type was found to be more hazardous than polygonal type.
Cervo et al. [70] studied the effect of annealing heat treatment on UNS S32750 DSS welds. Two thick plates of 15 mm size were welded by submerged arc welding method. The pitting behavior of the weldments was studied. The authors found that PREN of welded zone was lower than that of base material. This was attributed to low contents of CR, Mo and N in ferrite caused by improper weld heat cycle [71] . The Post Weld Heat Treatments (PWHT) improved PREN values due to proper partitioning of elements in two phases. Later, they concluded that PWHT at 1100 O C gives the best outcome.
Inter-Granular Corrosion (IGC)
The oxide or hydroxide layers of several nanometres thickness formed on the surfaces of metals protects them from corrosive environment. Examples of such metals are Fe, Mo, Cr, Ni and their alloys. Therefore DSS & SDSS are protected by passive films. The integrity of passive films greatly depends upon Cr, Mo and N contents in the material. When intermetallic phases are formed in DSS and SDSS, the adjacent grain boundaries are depleted in Cr and Mo content. These boundaries are then prone to corrosion attack. Hence Cr/Mo depleted zones act as the anode (active dissolution) and the surrounding passive film acts as the cathode (passive dissolution). This behaviour is CPT vs annealing temperatures of UNS S32760 weldments [68] recorded on potentiostat which gives applied potential vs current density plot. This phenomenon is also known as Inter-granular Attack (IGA). Intergranular corrosion occurs when grain boundaries of the material are more prone to corrosion attack than grains. The material's susceptibility to inter-granular corrosion is measured by Degree of Sensitization (DOS). The DOS is given by the (I r / I a ) × 100, where I a and I r are the peak current density in activation (forward scan) and the maximum current density in reactivation (reverse scan) respectively. The electrochemical potentio-kinetic reactivation test (EPR test) was established to measure DOS for nickel alloys and stainless steels [72] . There are two types of EPR tests; Single Loop (SL) EPR test and Double Loop (DL) EPR test.
In a single loop EPR test, polarization curve is with a potential scan from the passive range to open circuit potential (OCP) i.e. reverse scan. In DL-EPR test, polarization curve consists of forward scan and a reverse scan starting at active OCP. DL-EPR test is most commonly preferred because of its simplicity and ease in sample preparation [73] . The curve obtained in this test is shown in Figure 13 .
Amadou et al. [74] employed Double Loop-EPR test to check IGC susceptibility of DSS. They concluded that the test is powerful technique to investigate intergranular corrosion caused by various secondary phases like Cr 23 C 6 carbides, chi and sigma phases. These phases cause depletion in Cr content making Cr-depleted zones prone to IGC.
Ortiz et al. [75] carried out DL-EPR tests on UNS S31803 DSS specimen aged at 700 O C for time 1 min to 240 hours. The DL-EPR test was conducted in 2 M H 2 SO 4 + 0.01 M KSCN + 0.5 M NaCl with scan rate of 1 mV/s. The as received specimen and aged specimens with aging time less than 1 hour exhibited very small DOS values which indicates absence of inter-granular corrosion. On further aging, DOS value started to increase to imply that precipitation of sigma phase caused inter-granular attack on DSS. By increasing aging time upto 240 hours, the DOS values increased nearly ten thousand folds as shown in Table 3 .
Different authors investigated optimal combinations of electrolytes, electrolyte temperatures and scan rates [76 -78] in DL-EPR test for different grades of DSS, which is given in Table 4 .
Lopez et al. [79] conducted study of impact of sigma phase on corrosion properties of two different DSS. These two materials namely D1 and D2 varied in chemical composition. The aging treatments were carried out for 1 hr to 10 hr at 675 O C and 4 hr at 900 O C to promote precipitation of secondary phases. The results showed harmful effects of sigma phase on intergranular corrosion. The steel D2 is more corrosion resistant than steel D1 for all low temperature heat treatments except for high temperature heat treatment at 900 O C for 4 hr. As nitrogen content was higher in steel D2 than that in steel D1, it retarded the formation of secondary phases. During heat treatment at high temperature, large amount of ferrite in steel D2 was dissolved into sigma phase hence, it showed less corrosion resistance than steel D1. Other phases like alpha-prime (α') phase also affect inter-granular corrosion in DSS. Lo et al. [80] studied effect of prolonged aging on 7MoPlus DSS at lower temperatures of 300, 400 and 500 O C. At 300 and 400 O C, DOS was low even after aging for 15000 hr. But at 500 O C, due to spinodal decomposition, Cr-depleted ferrite was created next to Cr-rich ferrite. This Cr-depleted zone is prone to IGC. Figure 14 shows the variation of DOS with annealing time at different temperatures.
Stress Corrosion Cracking (SCC)
When material is subjected to tensile stress in corrosive environment, passive film breaks easily and cracks are formed which cause material to fail in brittle way. These cracks can propagate in inter-granular or trans-granular manner across the grains. This concept is known as Stress Corrosion Cracking (SCC).
DSS are more passive to SCC than austenitic stainless steels. Slow Strain Rate Test (SSRT) is the most commonly used technique to test the susceptibility of DSSs to SCC. The applied strain rates vary in the range of 10 −6 to 10
/s. The α-phase and γ-phase are vulnerable to SCC in hot chloride and hot alkaline solutions respectively. The crack initiation takes place at γ-phase and at the interfaces due to microstructural anisotropy effects.
Lopez et al. [79] investigated the detrimental effect of sigma phase on the resistance to SCC. The SSRT was conducted on the specimens aged for 1-10 hr at 675 O C and 4 hr at 900 O C. The specimens were tested in different corrosive media such as EPR solution at 30 O C and MgCl 2 solution at 117 O C. The specimen aged for 4 hr at 900 O C was found to be more prone to SCC as shown in Fig. 15 .
Tsai and Chen [81] tested annealed DSS 2205 at a strain rate of 4.6×10 -6 /s. They found that material is safe to SCC at open circuit potentials in 26% NaCl solution but prone to SCC at high anodic potentials. The material was found to retain its ductility up to a potential of -160 mV at 90 O C. There was loss in ductility at anodic potential higher than -160 mV as shown in Fig. 16 .
Despite of very good mechanical properties and corrosion resistance, DSS are susceptible to hydrogen embrittlement [82] . The heat affected zones in weldments are prone to hydrogen embrittlement. It is well known that weldments of pipes in oil and gas industries suffer failures due to hydrogen induced cracking and cathodic protection [83] .
El-Yazgi et al. [82] studied the SCC behaviour of DSS and SDSS in various sour solutions which are saturated with hydrogen sulphide-H 2 S at temperatures of 2-95 O C. They found that there is a loss in ductility of DSS but SDSS retained its ductility in SSRT. The loss in ductility was because of absorption of hydrogen at the surfaces of the material. Due to higher content of alloying elements, SDSS material formed stable passive film even at higher temperatures. Young et al. [84] studied hydrogen induced cracking of DSS through notched tensile tests and fracture properties. All the specimen were found to be susceptible to hydrogen embrittlement. This was confirmed by ductile fracture in air and quasi-cleavage fracture in H 2 . The authors also reported that ferrite is more susceptible to crack propagation than austenite. Figure 17 . Shows results of Notched tensile tests in air and hydrogen environments. It was clear that in hydrogen environments, the material failed at lower stress value than in air.
Olden et al. [85] reported that hydrogen content of 40 ppm at the surface and 1 ppm at bulk surface will initiate crack on the surface. Chou and Tsai [86] studied the effect of grain size in hydrogen induced cracking of DSS in 26% NaCl. It was found that the resistance to HIC was decreased with grain size coarsening.
Shinozaki et al. [87] found the cracking probability was increased significantly in GTAW welds when ferrite content exceeded 50%. They also concluded that the increase in nitrogen content increased cracking sensitivity due to precipitation of Cr 2 N in ferrite, which acts as initiation site for crack formation.
EFFECT ON MECHANICAL PROPERTIES Toughness
Toughness is severely affected by formation of intermetallic phases and compounds [16, 18] . As metallic binding is weak in case of intermetallic phases, it causes bad-deformability of phases, ultimately deteriorating impact toughness of DSS [41] In all studies it is found that even a small volume fraction of Sigma (σ) phase causes drastic reduction in toughness value.
Pohl et al. [41] explained that at lower temperature Sigma (σ) phase morphology shows a net like structure which causes cracks to propagate over long distances. This results in ferrite phase to cleave and ductile fracture in austenitic phase. At higher temperature bulk Sigma (σ) phase is surrounded by bigger ferrite and austenite matrix. Hence, ferrite phase shows more ductile fracture as shown in Figures 18 and 19 .
Badji et al. [88] studied effect of Sigma (σ) phase in Gas Tungsten Arc Welding of DSS. They found that at annealing temperature 850 o C, the least value of toughness is occurred. But when annealing temperature is above 1100 o C, the toughness value is increased because of increase in ferrite content.
Fargas et al. [59] conducted a study of effect intermediate annealing treatment on hot rolled steel. They concluded that in material behaves anisotropically with every mechanical property and toughness is the most sensitive to intermetallic phase formation. They also concluded that in transverse direction toughness is more than that of in longitudinal direction. This is because in transverse direction, crack has to propagate through large number of phase boundaries and in longitudinal direction crack propagation along duplex phases is easier as shown in Figure 20 . Topolska et al. [89] studied the toughness behaviour of Duplex Stainless Steels and Super duplex stainless steels. In their study they concluded DSS is less sensitive to embrittlement than Super DSS. The results are represented in Figure 21 . At lower aging temperatures, DSS retains its toughness value. But in case of SDSS even at lower aging temperatures and lower aging times i.e. low Sigma phase content, material loses its impact energy absorbing capacity. The authors also claimed that the minimum allowable Sigma phase content in DSS and SDSS is 14% and 8% respectively. These values correspond to critical impact energy value of 27 J in Industrial DSS applications.
Similar observations were made to evaluate minimum allowable sigma phase content in DSS pipe fittings in subsea applications [90] . The authors claimed that up to 5% sigma phase content is allowable. Above this level material will surely fail due to fracture. Besides σ-phase, other phases like R-phase and 475 O C embrittlement affect the impact toughness of the DSS [50, 51, 53] .
Sahu [53] investigated the effect of aging at 475 O C on impact energy on DSS 1.4462. He observed deterioration of impact toughness up to 8 J after 100 h of aging at this temperature as shown in Figure 22 . On further aging, the impact toughness was plateaued at this value, which indicates there no further reduction in toughness values.
Cui et al. [50] studied the deterioration of impact toughness due to formation of R-phase in DSS with high nitrogen content. The formation of R-phase took place after aging at 500 O C. The high nitrogen content retards formation of σ-phase in DSSs. It can be seen from Figure 23 that the R-phase was found to be dominant in . Impact toughness vs fraction of intermetallic phases [41] degradation of impact energy after aging time of 6 hr and 10 hr for 25Cr-7Ni-N and 25Cr-7Ni-Mo respectively. Hwang et al. [51] studied the effect of Rphase on impact toughness of Super DSS. They found that at initial stage of aging at 600 O C, Rphase was formed and later it was transformed to sigma phase. The reduction in toughness with Rphase was found to be drastic.
Hardness
The intermetallic phases occur in duplex stainless steel are hard and fragile. With increase in their content, they consume almost all ferrite available. Karlsson et al. [91] reported embrittlement of material due to increase in volume fraction of intermetallic phases and decrease in ferrite content. Similar studies were done by Martins et al. [92] with Super DSS. They concluded that with increase in Sigma (σ) phase content hardness values increased as shown in Figure 24 . From the figure it is clearly visible that hardness increases in parabolic manner with increase in sigma phase content. But a significant increase in hardness is observed only at higher sigma phase content.
Chen et al. [83] studied the effect of different aging temperatures between 650-975 O C and aging times on microstructure and mechanical properties of DSS. They found out that hardness increases with increase in aging time for all temperatures as shown in Figure 25 . But hardness shows sharp increase only after longer aging times of 30 min whereas in case of toughness only 5 min aging is enough to make a drastic reduction. This indicates hardness is not a measure of low volume fraction of Sigma phase. Similar conclusions were made by Karlsson et al. [91] , where they concluded toughness is more sensitive than hardness to effects of low volume percentage of intermetallic phases.
Cui et al. [50] studied hardness behaviour with aging time. They found out that, with increase in aging time hardness increases gradually after 14 hrs and 8.3 hrs for both 25Cr-7Ni-N and 25Cr-7Ni duplex stainless steels as shown in Figure 26 . The significant increase in Vicker hardness was found to be at aging time of 1400 hrs and 100 hrs for 25Cr-7Ni-N and 25Cr-7Ni respectively. This corresponds to with increase in aging time, hard sigma phase content increases which increases hardness of the material. After 2700 hrs aging time, hardness starts decrease for 25Cr-7Ni-N DSS because its high Nitrogen content retards the formation of Sigma phase.
Rovere et al. [86] studied effect of prolonged aging (up to 7000 hr) at 300 O C and 400 O C on 2205 DSS as shown in Figure 27 . At 300 O C aging, hardness values did not vary significantly.
But at 400
O C, hardness of ferrite was increased. But austenite remained unaffected even after aging. The spinodal decomposition of ferrite caused embrittlement of phase. After 5000 hr aging at 400 O C, hardness was found to be de- creased due to coarsening of phases or loss of coherent nature of precipitates.
Tensile strength
Pohl et al. [41] concluded that the Sigma (σ) phase formation causes increase in tensile and yield strength between temperatures 750-850 O C. This is because of net like structure in obtained at low temperatures as shown in Figure 28 . At 850 O C, internal brittle micro-cracking of Sigma (σ) phase causes reduction in strength beyond general material yield level known as 'low stress failures'. But at higher annealing temperatures tensile strength hardly shows any change with increase in Sigma (σ) phase volume fraction.
Li et al. [93] studied the influence of Sigma (σ) phase formation on tensile properties of SDSS. They concluded that at 600 o C, with increase in Sigma (σ) phase content from 0 to 26%, tensile strength increases. But at higher temperatures 900 o C, the effect of Sigma (σ) phase is negligible. The results are represented in Figure 29 .
CONCLUSIONS
The intermetallic phases cause changes in mechanical and corrosion properties of DSS and SDSS. Intermetallic phases occur in particular temperature range of 500 to 1000 O C. These intermetallic phases formation is more severe in welding and it becomes challenge to the welding Industries.
The chemical composition, aging temperature play an important role in intermetallic phase precipitations. Toughness is drastically reduced even with small volume fraction of intermetallic phases. Intermetallic phases are hard and brittle . UTS vs fraction of sigma phase at different aging temperatures [93] which cause embrittlement of the material. Corrosion resistance is lowered by the presence of intermetallic phases. Out of all intermetallic phases, the sigma phase is the most hazardous one. In order to achieve better corrosion and mechanical properties on DSS and SDSS materials, it is important to control these phases formation. With appropriate chemical compositions and heating and cooling rates, we can avoid these detrimental phase formation with improved mechanical and corrosion properties.
